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Abstract 
The effect of oil contamination and oil degradation on friction and wear of engine oil pump are 
addressed in this paper. It provides a summary of an experimental study on the effects of oil 
contamination and oil degradation on tribological performance of a Variable Displacement 
Vane Pump (VDVP); a particular focus is on the vane-rotor contact. Firstly, a lab-based 
artificial ageing of fully-formulated engine oil (FFO) with the addition of contaminants such as 
carbon black (CB) and diesel is conducted. Secondly, the impact of these contaminants on the 
bulk property of the oil during the ageing process is investigated, using rheometry and 
Attenuated Total Reflectance/ Fourier Transform Infrared Spectroscopy (ATR/FTIR). Thirdly, 
the performance of these oils on friction and wear of the vane-rotor contact under boundary 
lubrication regime is evaluated. The wear mechanism and chemical nature of tribofilms formed 
in tribological tests are addressed using Scanning Electron Microscopy/Energy Dispersive X-
ray analysis (SEM/EDX) and Raman spectroscopy. It is found that the consumption of the 
additives by soot (additive adsorption) in the engine oil during the ageing process has a 
significant effect on wear of the components. This mechanism has a higher impact on 
producing high wear than abrasion by soot particles.  
.H\ZRUGV wear, abrasive, degradation, lubrication
1 Introduction 
In recent years, there has been an increasing demand in the automotive industry to improve fuel 
economy. Poor fuel economy is closely linked to high friction of tribological components and 
can also lead to high wear. Designing fuel efficient vehicles is arguably the primary focus for 
all automotive industry [1, 2]. 
A Variable Displacement Vane Pump (hereafter denoted VDVP) is an innovative type of oil 
pump that has been introduced to the automotive industry to improve the efficiency of engines. 
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The VDVP is mainly composed of a slide ring with a circular inner bore, a rotor with several 
radially disposed vanes, a shaft, a spring and a casing. Figure 1 shows a schematic 
representative of the VDVP. The VDVP has a variable capacity that is adjustable to the engine 
demand, i.e. it only generates the flow rate required at any one time  [3, 4]. Despite high 
efficiency and reduced power consumption, the VDVP has its own disadvantages in terms of 
high wear and friction in the components of the pump which can lead to failure of the pump.  
 
Figure 1. Schematic of Variable Displacement Vane Pump (VDVP) [5]. 
It has been reported that the wear occurring in vane-slide ring and vane-rotor contact is a 
critical aspect of the VDVP [4, 6]. Figure 2 shows the contact between the vane and rotor, 
which is designed to be a flat-on-flat reciprocating sliding contact, however when the vane tilts 
during the operation of VDVP, this contact will change to a line contact which causes severe 
wear on the vane faces. In this paper, the tribological behaviour of the vane-rotor contact is 
considered.  
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Figure 2. The contact between the vane and rotor in VDVP [5]. 
 Many studies have been conducted to improve the efficiency of VDVP with the specific focus 
on factors such as design parameters and operating conditions [7-9]. One source of failure in 
VDVP is improper lubrication, a factor that has not been studied in detail. The contacts in the 
VDVP are sensitive to contamination due to the small clearances between the components [10]. 
Therefore it is essential to understand how oil contamination affects the performance of the 
VDVP. Table 1 indicates the possible range of oil contaminants in diesel engines which can 
potentially influence the tribological  performance of the system [3, 4].  
Table 1. Oil contamination types and their problems [1]. 
Type Source Major problems 
Soot Combustion blow-by Interfere with additives, abrasive wear, heavy 
deposits, and oil thickening 
Fuel Blow-by-rich mixture Oil breakdown 
Oxidation of oil Thermal degradation/ contact with 
atmospheric air 
Oil thickening 
Water Combustion blow by-coolant 
leakage 
Metal corrosion, promotes oil breakdown 
Acids Combustion blow-by, oil 
breakdown 
Metal corrosion, autocatalysis of oil breakdown 
Exhaust gases Combustion blow-by Acids promoting oil breakdown 
Glycol Coolant leakage Oil breakdown 
Metal Oxides Component wear, oxidation of 
metallic particles 
Abrasion, surface roughening leading to adhesion 
Metallic particles Component wear Abrasion, surface roughening leading to adhesion, 
catalysis of oil breakdown 
Minerals and dirt Induction air Abrasion, surface roughening leading to adhesion 
 
Oil contamination such as that affected by soot and diesel influence the physical and chemical 
properties of the oil thus changing the tribological performance of VDVP. Soot is also known 
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to induce high wear in engine components. The effect of soot contamination in engine oils on 
wear of engine components have been investigated in many studies [11-19]. Various 
mechanisms have been proposed by which soot induces high wear.  
Abrasion is the most accepted mechanism [13, 15-19]. It has been reported [20-23] that soot 
particles are hard enough to abrade both tribofilms formed on the surfaces and metallic engine 
components. Torrance [13] and Cadman et al. [16] postulated that soot removes the antiwear 
tribofilm formed on the surfaces and exposes a fresh reaction underlying metallic surface. 
Some other studies [23-25] suggested that soot in the oil can accumulate at the contact inlet and 
causes high wear due to the starvation of oil in the contact. It has also been reported [26] that 
soot competes with antiwear additives in adsorbing on the surface. The adsorption of soot on 
the surface prevents the adsorption of antiwear additives and their subsequent decomposition to 
form antiwear films. Additive adsorption on soot particles is another possible mechanism. It 
has been reported [11, 23, 27] that soot adsorbs antiwear additives in the oil phase reducing the 
concentration of the additives in the oil. Consequently, less antiwear additives adsorb at the 
contact interface to form antiwear films. A corrosive-abrasive mechanism has been recently 
reported by several studies [19, 27]. Olomolehin et al. [19] demonstrated that the interaction of 
CB and ZDDP in the oil can lead to aggressive wear. Although, there has been many studies on 
soot contamination, the actual mechanisms of wear caused by soot and its interaction with 
additives are not clearly understood. 
Diesel fuel contamination can also cause starvation and deposits which reduce the functionality 
of the oil [28]. The effect of fuel contamination on the performance of oil is normally 
underestimated compared to the other contaminants such as soot and water. Fuel normally 
enters the engine oil through internal leakage of the injector and contaminates the oil [28].  
Oil ageing is a destructive mechanism that can affect the physical and chemical properties of an 
oil and reduce its performance. Some factors such as temperature, metal content, type of base 
oil and additives, contamination content and the rate of air circulation influence the ageing rate 
of oil [29]. Kreuz et al. [30] showed that the high engine temperature significantly affected the 
ageing process of the oil. Zhang et al. [31] showed that the ageing process resulted in the 
formation of decomposition products and acids. It is thus necessary to understand the 
mechanisms of degradation and its impact on the oil properties and performance. This study 
aims to investigate the effect of oil contamination (soot and diesel) and oil degradation on wear 
and friction of the vane-rotor contact in VDVP. 
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2 Experimental procedures 
2.1 Test lubricants 
In order to have reliable and repeatable results, oil with consistent properties was needed for 
the experiments. Therefore, used engine oil extracted from an operational vehicle could not be 
used in the experiments since it would likely vary from car to car. An alternative approach was 
taken which was based on degrading the engine oil artificially in the lab in accordance to a 
novel ageing procedure [32, 33].  
A commercially available synthetic fully-formulated engine oil with a viscosity grade of 5W-
30 was selected. Table 2 shows the physical properties of this oil. 200 ml of oil was placed in a 
glass bottle covered with a three-neck lid as shown in Figure 3. The middle neck was equipped 
with a condenser to prevent the evaporation of the oil. Air was also passed to the beaker with 
the air flow of 10 L/h to provide a source of oxygen. Metal samples were also used to provide 
catalytic reactive surfaces. One of the necks was allocated to the sampling of the oil and 
condition monitoring of the system. The beaker containing oil was placed on a hot plate in a 
constant temperature at 160ᵒC. Since the main degradation of lubricant occurs in the 
combustion chamber this temperature was selected to simulate the same conditions. This 
ageing method takes 96 hours and stresses the oil similar to 10,000 miles of severe vehicle 
service [34]. This method created a harsh condition in order to accelerate degradation of the oil. 
Figure 4 shows the oil colour changes with degradation time (0 hour to 96 hours of ageing). 
Since the fresh oil was clear and the oil got darker with ageing, the colour change can suggest 
that chemical modifications of the oil. 
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Figure 3. Schematic set-up for oil degradation. 
 
 
 
Table 2. Physical and chemical properties of fresh engine oil. 
Item 5W-30 
Density at 15ᵒC 0.860 g/ml 
Flash point, CoC 250 ᵒC 
Kinematic viscosity at 40ᵒC 57 mm2/s 
Kinematic viscosity at 100ᵒC 10.0 mm2/s 
Total acid number 1.3 mgKOH/g 
Ca concentration 1950 ppm 
Zn concentration 640 ppm 
P concentration 710 ppm 
S concentration 1960 ppm 
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Carbon black is a good surrogate soot since it can be repeatedly and reliably sourced. A 
commercially-available carbon black (CB) (Monarch 120) was obtained from Cabot 
Corporation to simulate the engine soot. The size of soot particles from diesel combustion is 
approximately 40-45 nm diameter [14, 35]. Individual carbon black particles were measured by 
Scanning Transmission Electron Microscope (STEM) to be 50 nm diameter. The size of 
agglomerated particles are around 100 nm diameter. The  hardness of Monarch 120 carbon 
black is reported close to the range metal engine components [36]. The diesel fuel used in this 
study was Shell City Diesel, sourced from a local petrol station (Shell Fuel Station, Leeds, 
UK). 
Table 3 illustrates the test matrix for thermo-oxidative degradation tests. The effect of these 
contaminants on physical and chemical properties of FFO during the ageing process will be 
investigated. 
Table 3. Contaminants and their level in the test matrix. CB was used as surrogate of soot. 
Factors Level (weight %) Sample name Ageing time 
Oxidation No contamination Aged FFO (AFFO) 
  96 hours  
( sampling every 24 h) 
Diesel 1 wt% 1% D 
CB 1 wt% 1% CB 
CB and diesel 1 wt% each 1% CB&D 
CB and diesel 2 wt% each 2% CB&D 
Figure 4. Visual inspection of (a) fresh FFO and oils after different ageing times: 
(b) 24h, (c) 48h, (d) 72h, (e) 96h. 
(a) (b) (e) (d) (c) 
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2.2 Tribometer test rig 
All experiments were conducted using a TE77 tribometer test rig which operates under 
reciprocating sliding conditions. Tests in TE77 were conducted using SAE 52100 vane samples 
which are hardened and tempered to 57- 67 HRC hardness. Rotor was sintered metal 
(MP IF FD 0408-50) with 73- 93 HRB hardness. Figure 5 shows the schematic of the vane and 
rotor contact in the test set up. This test set up simulates the contact between vane and rotor in 
the real pump as shown in Figure 2.  
The contact between rotor and vane which is a line contact was lubricated under a static 
volume of oil (10 ml). A load of 180 N was applied providing the initial contact pressure of 
0.83 GPa at a frequency of 25 Hz. These test conditions simulate the contact in a vane pump. 
The test duration and test temperature were set for two hours and 100 ᵒC respectively. The only 
variable in the experiments was the oil. For oil samples containing CB, a magnetic stirrer was 
used for 30 minutes to mix CB in oil. Then the oil samples were placed in an ultrasonic bath 
for another 30 minutes prior to both oil analysis and tribological tests. This has been done to 
ensure that the CB particles are homogenous in the oil and reduce the experimental deviation. 
All experiments were conducted three times to check for repeatability.  
 
Figure 5 Schematic of tribotest set up for rotor and vane contact in TE77 tribometer. 
2.3 Post-test analysis 
2.3.1 Viscosity measurement  
A Kinexus rheometer from Malvern, UK was used to measure the viscosity of the oils in 
accordance to ASTM D445 standard. This rheometer was calibrated using the VHG® viscosity 
standard oil from LGC, UK which has the certified viscosity values at 40°C and 100°C 
respectively. 
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2.3.2 Attenuated Total Reflectance/ Fourier Transform InfraRed spectroscopy (ATR/ 
FTIR) 
Attenuated Total Reflectance/ Fourier Transform InfraRed spectroscopy (ATR/ FTIR) was 
used to monitor the oil condition during the ageing process and to identify different chemical 
bonds of samples from measuring the absorption of various infrared light wavelengths. A 
Perkin Elmer FTIR spectrometer within the range of 650- 4000 cm-1 was used and the 
resolution of collected spectra was 4 cm-1. First the background spectra was conducted then the 
oil samples were analysed. Data from the samples at 0 h and 96 h have been presented here.   
2.3.3 Wear analysis 
The influence of oil degradation and contamination on wear was examined by calculating the 
wear volume loss on vane samples. It is worth noting that higher wear was observed on the 
vane in comparison to the rotor. This is due to the greater hardness of the rotor material when 
compared with the vane materials as explained in section 2.2. Also, due to the complex shape 
of deformation and lower wear, the wear volume loss could not be accurately measured on the 
rotors. Therefore, the wear track on vane samples was only measured and further analysed in 
terms of chemical composition. Bruker's NPFLEX based on Wyko (WLI) technology was used 
to measure the volume loss on vane samples after tribotests to assess the wear. The specific 
wear coefficients were then calculated using the Archard wear equation, which is as follows: 
 =

 × 
																		
	1	 
Where F is the normal load (N), S is the sliding distance (m), V is the wear volume (m3) and K 
is the dimensional wear coefficient (m3/Nm). 
2.3.4 Surface characterisation 
Chemical characterisation of generated wear scars after testing was conducted using EDX 
analysis and Raman spectroscopy. A Carl Zeiss (Oberkochen, Germany) EVO MA15 Scanning 
Electron Microscope (SEM) was used in this study in order to take high magnification images 
of the sample surfaces. This microscope was also equipped with an Oxford Instruments 
(Abingdon, UK) XMAX Energy Dispersive X-Ray (EDX) spectrometer to elemental 
composition of tribofilm formed on the wear scars. SEM images and EDX spectra were 
recorded at both 20 Kev and 10 keV incident beam energy.  
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Raman analysis was also carried out using a Renishaw InVia spectrometer (UK). All spectra 
reported in this study were obtained with 488-nm wavelength laser. Peaks were analysed using 
the Renishaw WiRE program. All spectra were obtained at the room temperature. To check for 
uniformity in chemical composition, different positions of the sample were selected for the 
measurement in both EDX and Raman.  
3 Results and discussion 
3.1 Physical properties of lubricants 
Figure 6(a) and Figure 6(b) show the dynamic viscosity of oils containing various 
contaminants at 40ºC and 100ºC respectively. It can be observed that the viscosity of the oils 
increased during the ageing process by the oxidation process and the addition of CB 
contamination. This increase was expected due to the oxidation of the oil [37]. Diesel 
contamination slightly reduced viscosity of the oil samples. The combination of diesel and CB 
contamination also reduced the viscosity of the oil samples. Viscosity values at 100ºC were 
quite constant and didn’t show any significant differences. This can be related to the additives 
in FFO that protect the oil [38]. Viscosity modifiers have proven to be beneficial in controlling 
the soot-related viscosity changes [39]. Devlin et al. [21] showed that oils containing polymers 
and dispersants have excellent viscosity control in the presence of soot particles.   
 
Figure 6 Dynamic viscosity of aged oil samples at different ageing times at (a) 40ºC and (b) 100ºC. 
3.2 Oil chemical composition  
Figure 7 (a) shows FTIR spectrum of FFO at 0 h and 96 h. Infrared spectra of the aged oil due 
to oxidation showed similar absorption bands at 0 h and 96 h. IR bands between 2850-3000 
cm- 1 and 1385-1500 cm-1 are attributed to alkyl C-H stretching and C-H bending respectively. 
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The spectrum at 722 cm-1 is also attributed to alkyls chains [40]. These three main peaks which 
are from the base stock hydrocarbons were present in all oil samples.  
Anti-wear (970 cm-1), antioxidants (1080 cm-1), viscosity improvers (1162 cm-1), dispersants 
(1232 cm-1) are known through literature (Figure 7 (b)) [41, 42]. Intensity of the bands at 1080 
cm-1 and 1162 cm-1 increased and broadened. Such increase in intensity and band broadening 
after 96 h of the ageing can be attributed to the formation of several oxidation products due to 
the ageing process [43]. 
P-O-C bond from ZDDP additive in FFO is located at 920-1050 cm-1 region and the P=S bond 
is around 950-1040 cm-1 [44]. In the current study, the peak at 970 cm-1 is attributed to ZDDP. 
FTIR peaks showed a reduction in the intensity of infrared peak at 970 cm-1 after 96 h of 
ageing. In addition, an increase in the carbonyl absorbency at 1720 cm-1 (carboxylic acid) was 
observed which is attributed to the oxidative reaction of the lubricant. The formation of 
carboxylic acid during the ageing process is a good indicator of oil degradation.  
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Figure 7 FTIR spectrum comparison of aged FFO at 0 h and 96 h (a) full spectra , (b) fingerprint 
region 
For diesel contamination, as can be seen in Figure 8 a new peaks appeared during the ageing 
process. This peak is attributed to the sulphate peak (1040 cm-1). Sulphate compounds can 
either be related to the sulphur in diesel fuel or the oxidation of sulphur from the additives in 
FFO [45]. Since this peak was not observed in the aged FFO, therefore the existence of this 
band can be due to sulphur in diesel. The presence of sulphur in diesel fuel has been confirmed 
by Raman analysis which showed a peak at 1609 cm-1. It should be noted that the oxidation 
peak at 1720 cm- 1 appeared in diesel-contaminated oil after 96 hours of ageing. 
 
Figure 8 FTIR spectrum of fingerprint region for diesel contaminated oil at 0 h and 96 h. 
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Figure 9 indicates the FTIR band of FFO, contaminated oil with 1wt% and 2wt% CB and 
diesel. It can be seen that the intensity of antiwear additive peak (970 cm-1) is reduced after 96 
hours of ageing. This can be due to the additive adsorption on CB particles or additive 
depletion during the ageing process [19]. In general, the results suggest that under the condition 
of high temperature and exposure to air, oil has gone through partial oxidation to form a range 
of components such as weak acids and experienced some levels of degradation. 
 
Figure 9 FTIR spectrum comparison of (a) FFO (b) aged oil with 1wt % CB&D and (c) aged oil 
with 2 wt% CB&D  
3.3 Effect of oil degradation on friction and wear 
The effect of the ageing of the oil on friction and wear of vane-rotor contact was studied. 
Figure 10 indicates the average friction coefficient values for the last 30 minutes of the tests 
(steady state friction). Figure 11 also shows the wear coefficient calculated using Equation 1 as 
a function of ageing time of the oil for various contaminated oils.  
As can be seen in Figure 10 and Figure 11, in terms of aged FFO and diesel-contaminated oil, 
friction and wear were fairly unaffected during the ageing process.  As can be seen from FTIR 
results in section 3.2, the intensity of additives reduced, however the additives are still present 
in the aged oils. Therefore, the low friction and wear results indicate that the additives can still 
protect the surfaces from friction and wear. This behaviour is thought to be due to the additives 
in FFO which delayed the oxidation process [38]. There have been several debates on the effect 
of ageing on the tribological performance of oils containing ZDDP. Devlin et al. [46] showed 
that tribofilm characteristics are different when using fresh oil and aged oils. Barnes et al. [47] 
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stated that the degradation of ZDDP could either increase or decrease wear based on different 
mechanisms. Coy et al. [48] reported that the aged oils containing ZDDP provided better wear 
performance than the fresh oils. A lot of previous research works [49, 50] have shown that the 
antiwear protection ability of ZDDP in the oil is due to its decomposition. They believed that 
the ageing of the oil results in decomposition of ZDDP which reduces the wear. On the other 
hand Devlin et al. [46] reported that the ability of ZDDP additives in aged oil to reduce friction 
and wear greatly depend on the engine operating conditions and ZDDP structure. In the present 
study, wear is still low even after ageing the oil which suggests that ZDDP is able to protect the 
surface even after 96 h of ageing. To confirm this, surface characterization is conducted to 
investigate the tribofilm of wear scar using both fresh and aged oils. 
The greatest effect on friction and wear was observed when CB particles were present in FFO 
during the ageing process. When 1 wt% CB was added to the FFO, nearly 8% reduction in 
friction was observed. The same reduction in friction was observed when both CB and diesel 
were added to the oil. Also, higher levels of CB and diesel in oil decreased the friction further. 
These results are in line with Panchaliah et al [1] who stated that the combination of all 
contaminants produced lower friction values than the individual factors and uncontaminated 
oil. This decrease in friction can be attributed to the existence of CB in oil. It has been shown 
that CB can provide low friction and act as a solid lubricant, specifically in FFO which 
contains good dispersants [51]. It is thus believed that CB can act as a friction modifier since it 
has a similar structure to that of graphite, a well-known solid lubricant. Also, from the wear 
results in Figure 11, it is evident that reduction in friction comes at the price of high wear. 
From the wear results, it can be seen that the wear was significantly higher when CB exists in 
the oil, almost three times more than the uncontaminated oil. This is consistent with the other 
literature [14, 51]. The combination of CB and diesel contamination increased the wear further. 
Wear also increased significantly during the ageing process from 0 to 96 hours. This can be 
attributed to lack of tribofilm formation due to the additive depletion or additive adsorption on 
CB particles during the ageing process.  
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Figure 10 Steady state friction coefficient as a function of ageing time of the oil with aged oil due 
to oxidation, 1wt% diesel, 1wt% CB, 1wt% CB and diesel, and 2wt% CB and diesel. The error 
bars on the each points show the repeatability of tests. All tests were conducted at 100ºC. 
   
Figure 11 Wear coefficient as a function of ageing time of the oil with aged oil containing various 
contaminants. Wear measurements were conducted on the vane samples. All tests were conducted 
at 100ºC. 
In general, tribological tests show that the influence of different contaminants and ageing time 
of the oil on friction and wear is complex. In order to find out the exact wear mechanism and 
elemental composition of tribofilm, further investigations were conducted which are presented 
in the following sections. 
3.4 Surface characterisation 
Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) and 
Raman analysis on the worn surfaces were undertaken. Figure 12 shows the SEM images of 
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wear scars formed using FFO and diesel contaminated oil at 0 h and 96 h. The wear scar in 
Figure 12(a) showed slightly or nearly no marks on the surface. The arrow on the image 
indicates the sliding direction. There are other scratches on the sample which are possibly from 
the manufacturing since they are not in line with the sliding direction. EDX information on the 
wear track formed by FFO revealed the existence of Zn, P, and S elements with concentration 
of 0.41%, 0.19% and 0.15% by atomic% respectively. It should be noted that these values 
change from point to point of wear scar. This clearly illustrates the heterogeneous nature of 
tribofilm. Figure 12(b) shows SEM image of wear scar formed by diesel-contaminated oil. In 
the presence of diesel, EDX showed a higher concentration of S element (0.2 at% ) in 
tribofilm.  
Figure 13(a) indicates the Raman spectra obtained from the wear scar formed after test with 
FFO at both 0 h and 96 h. The Raman spectra also showed the presence of iron sulphide (FeS) 
evidenced by the broad peak at 200-400 cm-1. The peaks observed at 670 cm-1 and 800 cm-1 
were assigned to Iron (III) oxide (Fe3O4) and calcium hydroxide respectively. Phosphate peak 
can be seen at 987 cm-1 and zinc phosphate peak observed at 1040 cm-1 [52]. The presence of 
phosphate films in the wear scars was due to decomposition of ZDDP additive which was 
present in the FFO. The presence of phosphate and zinc phosphate tribofilm within wear scars 
with FFO are consistent with the low wear observed by FFO in Figure 11. The same peaks 
were observed within the wear scar of aged FFO after 96 h of ageing with lower intensity. 
Figure 13 (b) shows Raman spectra obtained from wear scar after tests with diesel 
contaminated oil at 0 h and 96 h. The results showed the presence of iron oxide, calcium 
hydroxide, iron oxide and phosphate peak. These spectra showed similar peaks presented in 
tribofilm formed on the wear scar by FFO. 
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Figure 12 SEM images of wear scar formed by (a) FFO (b) 1wt% diesel-contaminated oil at 0 h 
and 96 h of oil ageing. 
  
Figure 13 Raman spectra of wear scars after tests with (a) FFO and (b) 1wt% diesel-
contaminated oil. 
Figure 14(a) and Figure 14(b) show the wear scar on the vane sample formed using aged oil 
with %1wt CB at 0h and 96 h respectively. It can be seen that abrasion increases during the 
ageing process from 0 h to 96 h. The same increase in abrasion was also observed for a 
combination of contaminants. The wear was much more severe when the oil was contaminated 
and aged with both CB and diesel (see Figure 14(c) and Figure 14(d)).  
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Moreover, EDX results revealed no elements of Zn, P and S after 96 h of ageing the oil for 
these samples. Figure 15(a) and Figure 15(b) show Raman spectra obtained from wear scar 
after tests with 1wt% CB and 1wt% CB and diesel at 0 h and 96 h of ageing time respectively.  
It can be seen that the generated wear scars were mainly composed of iron oxides after 96 h; 
haematite (Fe2O3) and magnetite (Fe3O4). The peaks at 222 cm-1, 291 cm-1 and 404 cm-1 were 
assigned to Fe2O3 and the peak at 670 cm-1 was assigned to Fe3O4. The carbon peaks were also 
observed on the contact region at 1375-1575 cm-1. These results are in line with the high wear 
observed when CB was present in oil after 96 h of ageing in section 3.3. The same results were 
observed for 2wt% CB and diesel contaminated oil. It has been suggested that soot adsorbs 
antiwear additives in the oil reducing the concentration of the additives in the lubricant. 
Consequently, less antiwear additives adsorb at the contact interface to form antiwear films 
[11].  
ICP-OES was conducted on aged oil with 1wt% CB to determine the elemental content of 
additives in the oil after ageing process. As can be seen from Table 4, the concentration of 
additives reduced in oil due to additive depletion during the ageing process. Also, in order to 
determine anti- wear additive adsorption on CB particles, aged oil with 1% CB was centrifuged 
and filtered to separate CB particles then ICP-OES analysis was conducted. The ICP results 
showed that there was no elements of anti-wear additives remained in the oil after 96 h of 
ageing. EDX analysis was also conducted on the CB particles and results revealed the presence 
of phosphorous and zinc which are elements of ZDDP. These results suggest that additive 
adsorption on CB particles occurred during the ageing process. The same results observed in 
the aged oils with both diesel and CB.  
Table 4. Elemental composition of the fresh oil and aged oil with 1wt% CB 
 Concentration (ppm) 
Sample Zn P S 
Fresh FFO 640 710 1960 
Aged oil with 1wt% CB 295 310 950 
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Figure 14 SEM images of wear scar on vane samples using (a) FFO with 1wt% CB at 0 h, (b) aged 
oil with 1wt% CB after 96 h, (c) aged oil with 1wt% CB&D after 96 h (d) aged oil with 2wt% 
CB&D a 96 h.  
  
Figure 15 Raman spectra of wear scars after tests with (a) 1wt% CB and (b) 1wt% CB and diesel 
contaminated oil. 
3.5 The effect of contaminants on wear mechanism 
Based on the results obtained in the previous sections, further tests were carried out in order to 
investigate the antagonistic effect of diesel and soot contamination on wear. Table 5 shows the 
test matrix and aim of these experiments. Figure 16 indicates the average friction coefficient 
values for the last 30 minutes of the tests and wear coefficients calculated using Equation 1. 
Table 5 Text matrix for ageing the oil. 
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Figure 16 Friction and wear coefficient of tests. Wear measurements were conducted on vane 
samples. Error bars show repeatability of tests.  
3.5.1 Effect of abrasion by CB 
Tests T1 and T2 were conducted using aged FFO for 96 h then adding 1wt% and 2wt% CB in 
the oil respectively. These tests were conducted to establish why abrasion increases during the 
ageing procedure. Figure 16 indicates that friction reduced for both tests compared to the FFO. 
In the presence of CB particles wear increased and more CB particles in oil resulted in higher 
wear as expected.  
Figure 17(a) shows the wear scar formed using aged oil with 1wt% CB for 96 h. Figure 17(b) 
and Figure 17(c) indicate the SEM images of wear scar for test T1 and T2 respectively. There 
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are a number of scratches in the direction of sliding on the wear scar produced during tests T1 
and T2 however the wear is not as severe as wear scar shown in Figure 17(a). These results 
indicate that when 1wt% CB was present in the oil during the ageing process, approximately 
42% higher wear was observed in comparison to the test in which 1wt% CB was added to the 
aged FFO (Figure 17(b)). That is to say although in both tests 1wt% CB was present in oil, the 
wear behaviour was different. 
 
Figure 17 SEM images of wear scar on vane with (a) aged oil with 1wt% CB for 96 and aged FFO 
for 96h then adding (b) 1 wt% CB (c) 2wt%  CB - Wear coefficient unit is (×10-16 m3/Nm). 
Many studies [13, 15, 17, 18, 53] have reported that the increase in wear by soot was related to 
the abrasive nature of soot. The results presented in this study demonstrated that the tests which 
were conducted with the same levels of CB particles (1wt%) showed different levels of wear. 
Figure 18 compares the wear coefficient and the average depth of wear scars on sample using 
different oils. It can be seen that when the oil is aged in the presence of 1wt% CB for 96 h, 
average wear depth and wear coefficient are much higher than the oil which is aged with no CB 
then 1wt% CB was added before the test. The difference between the wear results with oils 
containing 1%wt CB suggests that abrasion is not the dominant wear mechanism, since similar 
wear would be expected with the same concentration of CB. Even higher levels of CB (2wt%) 
showed less amount  of wear in comparison to the aged oil which contained 1wt% CB during 
the ageing process. Thus, it can be concluded that the high wear observed in aged oil 
containing 1wt% CB cannot be simply justified by abrasion. These results suggest that the 
presence of CB in the oil will not necessarily cause severe wear during the tribological tests 
due to abrasion or mechanical action. Thus, the results presented in this study contradict the 
concept that suggests abrasion-induced wear is the main mechanism [13, 15, 17, 18, 53]. 
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Figure 18 Wear coefficient and average wear depth of wear scar of vane samples using aged FFO 
with 1wt% CB, aged FFO then adding 1wt% and 2wt% CB. 
3.5.2 Antiwear additive adsorption 
The aged oil with 2 wt% CB and diesel was filtered to investigate how the oil would function 
after removing of the CB particles. The centrifuge was conducted for one hour with the speed 
of 12000 rpm to remove as many CB particles as possible. Tests with such oil provide wear 
results in which the effect of CB particles (third-body abrasion) was eliminated. As can be seen 
in Figure 19, the removal of CB from oil resulted in lower wear (21% reduction) compared to 
unfiltered oil. Figure 20 indicates the SEM images of wear scar formed by filtered and 
unfiltered oils. The wear coefficient was still high using filtered oil Therefore, the lack of 
tribofilm on the wear scars and metal-on-metal contact can be responsible for the high wear 
observed. This high wear can be explained by additive adsorption mechanism on soot particles 
[11, 23]. Raman analysis on the wear scar of T5 did not show any ZDDP elements in the 
tribofilm as shown in Figure 21. Therefore, the high wear and the lack of tribofilm on the wear 
scar suggest that even after removing of the CB particles the oil was not able to generate 
tribofilm. These results suggest that additive adsorption is the key wear mechanism. 
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Figure 19 Wear coefficient for tests conducted with unfiltered and filtered FFO containing 2 wt% 
CB and diesel. 
 
Figure 20 The wear scar formed on vane samples by aged oil with %2wt CB and diesel (a) non-
filtered (b) filtered. 
 
Figure 21 Raman spectra of wear scar of vane sample after tests with the filtered oil (T5). 
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3.5.3 Antagonistic effect of contaminants on wear 
 The wear results in Figure 11 showed that the combination of CB and diesel had an 
antagonistic effect on wear compared to the individual effect of each contaminants on wear. 
Tests T3 and T4 were conducted to investigate this mechanism. The oil properties were not 
affected by diesel contamination during the ageing process as shown in Figure 6. Thus, when 
CB was added to the aged oil in test T3, the most likely wear mechanism was abrasion of 
tribofilm formed on the surfaces by CB particles as shown in Figure 22. When CB was present 
in FFO during the ageing process and then diesel was added before the tests, there are a 
combination of factors that produce high wear; such as the interaction between contaminants 
and additives during the ageing process (mainly additive adsorption) and abrasion by CB 
particles (Figure 22).  
Figure 23(a) and Figure 23(b) show SEM images of the wear scar after tests with T3 and T4 
which explained in Table 5. From the SEM images it can be seen that the wear was severe 
when the oil was aged with 1wt% CB for 96 h and the diesel was added just before the test. 
The reverse sequence resulted in less wear. Wear coefficient was approximately 73% higher in 
T4 than T3. In addition, the generated wear scar was about 5 µm deep in T4.  It is believed [19] 
that abrasion by soot can either be due to the rubbing metallic surfaces or by rubbing the 
tribofilms formed on the surface. The latter mechanism was prominent in test T3. Tribofilms 
are softer than steel and therefore they are more vulnerable to abrasion by soot [54]. However, 
in test T4 both tribofilm and metallic surface were removed and resulted in a severe wear. 
Table 6 summarises the results and potential mechanism occurring in tests T3 and T4.  
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Figure 22 Comparison of wear results and potential wear mechanism between T3 (aged diesel-
contaminated oil then adding 1wt% CB) and T4 (aged CB-contaminated oil then adding 1wt% 
diesel). 
 
Figure 23 SEM images and wear scar depth for tests (a) T3 and (b) T4. 
Table 6 Antagonistic effect of contaminants on wear. 
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Test                    T3 T4 
 
Causes of 
ageing 
• Oxidation 
• Diesel 
 
• Oxidation 
• CB particles 
 
contaminants 
added after 
ageing (96h) 
 
CB 
 
Diesel 
Effect of added 
contaminants  
Abrasion Oil dilution  
 
 
 
Conclusions 
• Not severe wear 
 
• Abrasion by CB was 
probably not the 
dominant mechanism of 
producing high wear 
 
• Tribofilm removal by CB 
particles 
• Severe wear 
 
• Antiwear additives 
properties is lost during 
the ageing process as a 
result of additive 
adsorption 
 
• No tribofilm formed, 
therefore CB particles 
abrade steel surface 
 
 
4 Conclusions 
In this study friction and wear behaviour of vane components in VDVP were studied using 
various contaminants and varying ageing times. The results from FTIR, SEM/EDX and Raman 
analysis together provided a consistent explanation of the wear mechanism and surface 
chemistry. The results presented in this paper indicate that the ageing process on its own did 
not have a significant effect on the performance of FFO used in this study. However, when CB 
was present in FFO during the ageing process it led to more severe wear. This study 
contradicted all previous studies that suggested that abrasion (i.e. mechanical action) by CB 
particles is the main mechanism producing high wear in engine components [13, 15, 17, 18]. 
This study proves the role of more dominant wear mechanisms in the presence of CB particles 
(antiwear additives adsorption) which has a chemical nature.  
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Highlights of this papers: 
 
x A lab-based artificial ageing technique were used to age the engine oil which is a more 
realistic condition. 
x  The high wear observed in the presence of carbon black (CB) in oil is not solely due 
to abrasion. 
x It is found that the parasitic consumption of the additives by CB in the engine oil during 
the ageing process (additive adsorption) has a significant effect on wear of the 
components. 
x Additive adsorption mechanism has a higher impact on producing high wear than 
abrasion by the CB particles. 
x It is also found that the contaminants and ageing conditions can affect on the 
performance of engine oil. This is found to be dependent on the type of contaminants 
and ageing duration. 
